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Introduction
Good aerial and thermal environments in poultry housing are imperative to ensuring the health and well-being of the birds and caretakers, and to maximizing animal productivity thus profit of the operation. However, housing types and management can impact indoor air quality, including ammonia (NH 3 ), carbon dioxide (CO 2 ), nitrous oxide (N 2 O), methane (CH 4 ), particulate matter (PM), and airborne microorganisms. The US egg producers have been primarily using modern conventional cage (CC) systems in their operations. However, alternative housing systems, such as aviary (AV) and enriched colony (EC), are being adopted by certain US producers, as a result of either meeting certain state regulations or providing eggs to certain consumers markets. Compared to CC systems, alternative hen housing systems have received less research, especially from the holistic standpoint under US production conditions. This paper results from the multi-disciplinary and multi-institutional project, known as the "Coalition for Sustainable Egg Supply (CSES)" project that systematically evaluates the CC, AV and EC housing systems with regards to animal behavior and well-being, environmental impact, egg safety and quality, food affordability, and worker health. Information presented in this paper pertains to the environmental impact area of the CSES project, with emphasis on description of the monitoring system and presentation of data on indoor air quality, thermal environment and building ventilation rate (VR). A companion paper on aerial emissions of the three housing systems is given by Shepherd et al. (2014) .
Materials and Methods
The environmental monitoring was carried out with three hen housing systems (CC, AV and EC) located at the same farm in the Midwest USA, involving two single-cycle flocks of Lohmann LSL White laying-hens (78 weeks of hen age per flock). The CC house had a nominal capacity of 200,000 hens and was equipped with manure belts that conveyed the accumulated manure out of the houses every 3-4 days. The AV house had a nominal capacity of 50,000 hens, and was provided with colonies and litter area accessible by hens to perform foraging and dust-bathing behaviors. Manure belts were installed in all hen colonies to remove manure out of the house every 3-4 days, while the manure deposited on litter floor was only removed at the end of each flock. The EC house also had a nominal capacity of 50,000 hens, and all manure was disposed onto the manure belts and was removed out of the house every 3-4 days. For each flock, the three houses were populated with hens at the same age. The monitoring periods were June 2011 -May 2012 for flock 1 and June 2012 -August 2013 for flock 2. There was a 3-week downtime between flocks when no monitoring was performed. Detailed description of the housing systems, manure storage and management practices are provided by Zhao et al. (2014a) .
House Environment and Emissions Monitoring
A mobile air emission monitoring unit (MAEMU) was installed on-site to perform the continuous monitoring of the three housing systems. Moody et al. (2008) provided a full description of the MAEMU system and the standard operating procedures (SOPs). The MAEMU was modified to meet the site-specific monitoring needs, integrating multiple gas analyzers and a data acquisition system (Compact Fieldpoint, National Instruments, Austin, TX, USA) to automatically collect and analyze sequential in-house air samples from a total of 10 locations (three locations per house, and one ambient location, fig. 1 ). To obtain representative data and catch the spatial variation, sampling locations were placed near the low stage fans and in the middle of the houses. The MAEMU simultaneously recorded data on the thermal environment, operational status of ventilation fans (used to derive building ventilation rate or VR), gaseous and PM concentrations. Figure 2 shows Concentrations of NH 3 , CO 2 , NO 2 , CH 4 , and dew-point (DP) temperature were measured with a fast-response and precision photoacoustic multi-gas analyzer (Innova 1412, LumaSense Technologies A/S, Ballerup, Denmark). Oxygen (O 2 ) concentration was measured with a paramagnetic gas analyzer (model 755a, Rosemount Analytical, Irvine, CA, USA).
Because the same gas analyzers were used to measure all 10 locations, sequential air samples were collected using a positive-pressure gas sampling system (P-P GSS) ( fig. 2c ). Each location was sampled for 6 to 8 min. To maximize measurement accuracy of the concentration values, with the response time of the gas analyzers being 5-7 minutes, the last minute readings were used as the measured values. In addition, for every two cycles of the sequential samplings the outside air was drawn and analyzed. The less frequent sampling and analysis of the outside air was because of its relatively constant compositions, as repeatedly demonstrated in our
previous field monitoring studies. This sequential measurement yielded 54-min (6-minsampling/location) or 72-min (8-min-sampling/location) data of gaseous concentrations.
Air temperature was measured with type-T thermocouples (Cole-Parmer, Vernon Hills, IL, USA). Relative humidity (RH) was measured with capacitance-type humidity sensor (HMP 61U, Vaisala Inc., Woburn, MA, USA).
Concentrations of PM 10 and PM 2.5 inside the houses were measured with real-time Tapered Element Oscillating Microbalances (TEOM, Model 1400a, Thermo Fisher Scientific Inc., Waltham, MA, USA) that were set to a 300 s integration time over a 3-day period each week.
Building VR was derived from in situ calibrated fan curves with a 1.37 m (54 inch) fan assessment numeration system (FANS) (Gates et al., 2004) . Individual fan airflow curves were developed for each ventilation stage by calibrating at least one fan from each stage in the middle and at the end of each flock cycle, for a total of five calibration events during the study. Over 50% of the fans, representing each ventilation stage in each house, were assessed during each calibration event; and all fans in ventilation stages 1-3 were calibrated to ensure accurate VR determination at low ventilation rates. Runtime of fans in each ventilation stage was continuously monitored with inductive current switches (CR9321-PNP, CR Magnetics, St. Louis, MO, USA) as described by Muhlbauer et al. (2011) . Static pressure (model 264, Setra, Boxborough, MA, USA) was continuously measured at two locations in each house, along with barometric pressure (WE100, Global Water, Gold River, CA, USA). Overall building VR was calculated at 30 s increments based on the fan curves for each stage, fan runtime, static pressure (SP), and environmental conditions.
Environmental Monitoring Quality Assurance/Quality Control (QA/QC)
Rigorous SOPs and quality assurance project plan (QAPP), as described by Moody et al. (2008) , were followed in data collection and processing to attain the highest data quality possible. This was accomplished through weekly site visits for on-site equipment check and calibration, daily inspection of the system via remote access of the DAQ computer, timely processing and auditing of the recorded data, regular collaboration with the farm managerial staff, and mid-flock quality control audits performed by an experienced engineer versed in design and management of comparable environmental monitoring systems.
Data Processing and Analysis
Statistical analysis was performed to compare the gaseous and PM concentrations among the three housing systems and weather conditions (within each housing system) using ANOVA procedure in Statistical Analysis System (SAS 9.3, SAS Institute Inc., Cary, NC, USA).
Results and Discussion
In this 27-month environmental monitoring, a valid day of data was considered as having 75% or greater of the continuously recorded dynamic data pass the QA/QC criteria. The total numbers of valid days for temperature, RH, VR, gaseous and PM concentrations in the entire monitoring period and in respective flock 1 and flock 2 are listed in Table 1 . These numbers also represent the sample sizes of the environmental variables presented in the summary tables (Tables 2 and 3) .
Temperature, Relative Humidity (RH), and Ventilation Rate (VR)
Indoor temperatures in all three houses during wintertime were maintained above 20°C. The average indoor temperatures were 24.6°C for CC, 26.7°C for AV, and 25.2°C for EC (Table 2) .
Indoor RH values of the hen houses were generally between 30% and 80%, averaging 57% for CC, 54% for AV and 56% for EC (Table 2) . Note: Values outside the parentheses are mean±SD for both flocks, and those inside the parentheses are respective mean±SD values for flock 1/flock 2.
Ventilations in all three houses showed clear seasonal patterns, with higher VR on warm/hot days and lower VR on cool/cold days. Figure 3 shows the relation of VR to ambient temperature. 
Gaseous Concentrations
The ambient NH 3 concentration was generally below 1 ppm. Daily mean indoor NH 3 concentration was highest in the AV house (7.1 ppm), followed by the CC house (4.3 ppm) and the EC house (2.8 ppm) (Table 3) .
During the entire monitoring period, the indoor NH 3 concentrations in the CC and EC houses never exceeded the 25 ppm threshold (8-hr time-weighted average) recommended by National Institute for Occupational Safety and Health (NIOSH, 1992) and American Conference of Governmental Industrial Hygienists (ACGIH, 2001) for worker's health; however, the daily mean NH 3 concentrations exceeded 25 ppm on 12 winter days of flock 1 in the AV house ( fig. 4B ). This finding was consistent with our previous data on NH 3 concentrations in two AV houses with brown hens (Hayes et al., 2013) . The higher-than-threshold NH 3 concentrations in the AV house were primarily due to the NH 3 volatilization from the accumulated floor litter. Proper litter management and/or pragmatic mitigation techniques should be applied to AV housing system to reduce the NH 3 concentration in wintertime. and hot (T a ≥27.2°C), were further categorized. Figure 5 shows the NH 3 concentrations of three houses under these weather categories. It can be seen that NH 3 concentrations in all houses were highest in cold weather (P < 0.05). However, all three houses had similar NH 3 concentrations under mild or hot weather.
Indoor CO 2 concentrations in all three houses were generally between 600 and 5300 ppm for the two flocks ( fig. 6 ), and did not exceed the 8 h time-weighted average (TWA) CO 2 exposure threshold of 10,000 ppm set by Occupational Safety and Health Administration (OSHA). It is well known that indoor CO 2 concentrations are closely related to ambient temperature and VR. Our results show the average daily CO 2 concentrations almost linearly decrease with average ambient temperature (and VR) until average daily VR reached its maximal value at ~24°C ambient temperature ( fig. 6 ). The overall daily mean CO 2 concentrations were 2153 ppm for CC, 2485 ppm for AV, and 2241 ppm for EC houses (Table 3 ). The reason that the higher CO 2 concentration was found in the AV house than in the CC house was presumably due to greater hen activities in the AV house, thus exhaled more CO 2 . Compared to that in the EC house, higher CO 2 concentration in AV house was the result of its lower ventilation rate (1.9 m 3 h -1 hen -1 in AV house vs. 2.2 m 3 h -1 hen -1 in EC house). The microbial activities and degradation in the litter also contributed to the CO 2 production in the AV house (Zhao et al., 2013b) . The indoor CH 4 concentration seemed to be affected by ambient temperature (figs. 8 & 9); however, it could be confounded by the hen age. The overall daily mean CH 4 concentrations were similar among houses, i.e., 11.1 ppm for CC, 11.6 ppm for AV, and 11.8 ppm for EC houses. The CH 4 concentrations observed in this study were comparable with those measured in other Midwest US aviary houses (Hayes et al., 2013) , but was about 2.5 times higher than those of European aviary houses (Wathes et al., 1997) . Concentrations of N 2 O were very low and constantly below the detection limit (0.2 ppm) of the instrument; therefore, the data were excluded from presentation. Note: Values outside the parentheses are mean±SD for both flocks, and those inside the parentheses are respective mean±SD values for flock 1/flock 2. a,b The means of aerial pollutants in three housing systems (CC, AV or EC) with different superscript letters significantly differ (P < 0.05). Ambient concentrations are not included in the comparison.
Particulate Matter (PM) Concentrations
Based on review of previous PM monitoring in laying-hen houses (Hayes et al., 2013; Zhao et al., 2005) , AV housing systems have much higher PM concentrations than cage housing systems. It is well known that PM levels are closely related to animal activities in livestock and poultry houses (Takai et al., 1998; Zhao et al., 2014b) . When floor bedding or litter is provided in housing systems (such as AV housing) to accommodate animal natural behaviors (e.g. dustbathing and foraging for laying hens), high levels of PM can be produced. Results from the current study substantiate previous findings. The PM 10 concentrations were much higher in the AV house than in the CC and EC houses. The overall daily mean PM 10 concentrations were 0.59 mg m -3 for CC, 3.95 mg m -3 for AV, and 0.44 mg m -3 for EC houses (Table 3 ). The PM 10 concentrations of the AV house exceeded the recommended level of 2.4 mg m -3 for total dust in livestock houses (Donham, 1991) . Hence, mitigation practices are needed to reduce PM levels in hen houses, especially in AV systems. Seasonal variations in indoor PM 10 concentration was noticed in all three houses, being highest in cold weather and lowest in hot weather (figs. 10 & 11).
The house and season effects on indoor PM 2.5 concentrations were similar to those on PM 10 concentrations (figs. 12 & 13). In fact, it has been reported that PM 2.5 accounts for a relatively stable portion (5-13%) of PM 10 in hen houses. In our study, the portion of PM 2.5 relative to PM 10 was found to be 5.9% in CC house, 10.4% in AV house, and 12.6% in EC house. 
Summary and Conclusions
This field study continually monitored the indoor thermal environment and concentration of air pollutants including NH 3 , CO 2 , CH 4 , PM 10 and PM 2.5 in two alternative laying-hen houses, i.e., an aviary (AV) and an enriched colony (EC) house, as compared to a conventional cage (CC) house over two single-cycle flocks under Midwestern production conditions. The following observations and conclusions were made.
 Daily mean (±SD) indoor temperatures were 24.6 (±1.9)°C in CC, 26.7 (±1.1)°C in AV, and 25.2 (±1.3)°C in EC housing systems. Daily mean indoor RH values were similar among three houses, 54%-57%. The mean ventilation rates (±SD) were 1.9 (±1.6) m 3 h -1 hen -1 for CC, 1.9 (±1.8) m 3 h -1 hen -1 for AV, and 2.2 (±2.0) m 3 h -1 hen -1 for EC housing system, respectively.  Daily mean indoor NH 3 concentrations (±SD) were 4.3(±2.6) ppm for CC, 7.1(±6.3) ppm for AV, and 2.8(±1.8) ppm for EC housing systems. NH 3 concentration in the AV house was significant higher than those in CC and EC houses, especially under cold weather condition (ambient temperature <7.2°C). Ammonia concentration in the AV house exceeded 25 ppm on 12 winter days in flock 1.  Daily mean indoor CO 2 concentrations (±SD) were 2153(±1058) ppm for CC, 2485(±1268) ppm for AV, and 2241(±1145) ppm for EC housing systems. The higher CO 2 concentration in the AV house was presumably due to its low ventilation rate (as compared to EC), high hen activities, and CO 2 contribution from litter.
 Daily mean indoor CH 4 concentrations (±SD) were similar among houses, 11.1(±5.7) ppm for CC, 11.6(±5.5) ppm for AV, and 11.8(±5.9) ppm for EC housing systems.  PM concentrations in the AV house were significantly higher than those in CC or EC houses. In general, air quality in the EC house was comparable with that in the CC house, and was much better than that in the AV house. The high concentrations of air contaminants in the AV house are probably attributed to the presence of floor litter. Mitigation practices in AV laying-hen housing system are therefore important to safeguard the animal and human health and reduce the environmental impact.
